Polyglutamine expansion (PGE) encoded by a CAG repeat underlies eight inherited neurodegenerative diseases, among which is Huntington's disease. CAG expansion has also been reported in schizophrenia, suggesting a role for PGE. To investigate the potential role of PGE as a candidate for schizophrenia, we searched for PGE in nuclear families comprising a patient affected by childhood onset schizophrenia (COS, a rare and severe form of the disease) as a variation of the candidate gene approach for identifying susceptibility genes. We tested lymphoblastoid cell lines from COS patients (n = 32) by Western blot analysis with 1C2, a monoclonal antibody that specifically recognizes long polyglutamines. Eight of 11 unrelated black American COS patients showed a 60-kDa (approximately) band indicative of PGE. A strong 60-kDa band (suggestive of a large PGE) was detected in two of the eight positive patients. A weaker 60-kDa band (suggestive of a smaller and non pathogenic PGE) was detected in some unaffected parents or sibs of these two COS patients, and in six other black American COS patients. The strong and weak PGE signals were found to correspond to two different proteins. Unrelated black Americans unaffected by COS (n = 38) were negative for the strong 60-kDa PGE signal. Healthy white Americans (n = 53) were negative for both the strong and weak 60-kDa PGE signals. Two-dimensional gel analysis suggested that the strong PGE signal corresponds to an acidic (pI 4 approximately) protein and resulted in a more precise estimation (52-57 kDa) of its relative mass. This protein appeared to be not represented in Genbank, as suggested by the exclusion of several candidate CAG repeats. Our data suggest that this acidic protein might be a candidate for COS.
Polyglutamine expansion (PGE) encoded by a CAG repeat underlies eight inherited neurodegenerative diseases including spinobulbar muscular atrophy, spinocerebellar ataxia 1 (SCA1), SCA2, SCA3, SCA6, SCA7, dentatorubral-pallidoluysian atrophy, and Huntington's disease (HD).
1,2 CAG expansion has also been reported in schizophrenia, [3] [4] [5] suggesting a role for PGE. CAG expansion in schizophrenia was difficult to replicate, 6 suggesting that locus and allelic heterogeneity in schizophrenia may lead to complex inheritance for which genetic associations are difficult to detect. 7 In this respect, the use of nuclear families comprising a patient affected by earlier onset and/or a severe form of a psychiatric disorder is considered an increasingly attractive method for identifying susceptibility genes. 7 We searched for PGE in childhood onset schizophrenia (COS), a rare form of the disease. [8] [9] [10] [11] COS can be detected using unmodified DSM-IIIR 8, 9 and shows the following main features: (i) greater disease severity than adult onset schizophrenia (AOS); (ii) disruption of multiple developmental domains before the appearance of psychotic symptoms, and, occasionally, progression of brain abnormalities after onset of psychosis; [9] [10] [11] and (iii) clinical 9 and neurobiological 11 continuity with AOS. Therefore, the study of COS may provide new insights into the genetic susceptibility to schizophrenia in general. Lymphoblastoid cell lines (LCLs) for 32 unrelated COS patients recruited all over the United States (ongoing NIMH study, see Ref. 8) were tested by Western blot analysis with the TATA-binding protein (TBP) monoclonal antibody mAb1C2. MAb1C2 specifically recognizes long polyglutamines (polyglns). 12 Above the detection threshold (33-35 Glns), the intensity of the signal increases with the number of glutamines. 12 Sixty-kDa PGE signals were observed in eight of 11 unrelated black American COS patients ( Table 1 ). The intensity of the 60-kDa band was strong in two (patients 14 and 18) of the eight positive COS patients. In the nuclear families (NFI and NFII) of patients 14 and 18, a weak 60-kDa band (indicative of a small PGE) was detected in some unaffected parents and sibs, suggesting that the weaker 60-kDa band is not indicative of COS (Figure 1a and b) . Using high resolution, long SDS-PAGE (10%) gels, the weak band clearly migrated at a slightly higher position than the strong band in NFI (Figure 1a , bottom panel), suggesting that the weak signal does not correspond to the same protein with a shorter polygln tract and that the strong and weak PGE signals arise from two different proteins. The detection profiles for NFI and NFII were reproduced using three different batches of LCL extracts.
Long polygln stretches in human proteins induce a migration schift towards high molecular weights. 12 For example, TBP is a 37.2-kDa protein which migrates at 50 kDa approximately. This suggests that the strong 60-kDa PGE signal corresponds to a protein with a true mass of about 47 kDa. When probed with mAb1C2, it was previously reported that the normal HD protein is barely detectable after gross overexposure if the polygln contains more than 27 units. 12 Using SDS-PAGE (7%, 10%) gels with prolonged migration and long exposure, the mAb1C2-reactive 60-kDa protein in COS patient 14 was not detected as a doublet (data not shown), suggesting that the unexpanded allelic protein contains less than 28 glutamines. 12 In control experiments, a 60-kDa band was not observed in three healthy white families (CEPH Utah pedigrees 1334, 1344, and 1420; 53 individuals in total; data not shown) previously reported to show CAG expansion. 13 We also tested 38 unrelated black American controls with no history of psychiatric diseases (see Methods). Except for 11 of them (showing a weak 60-kDa band), these individuals were negative for 60-kDa PGE signals as illustrated in Figure 1c .
To further characterize the protein which carries the strong PGE signal, we performed two-dimensional (2D) gel electrophoresis (pI 10-3 gradient). Using two different batches of LCL extract of COS patient 14, the comparison of silver-stained IEF/SDS PAGE ( Figure 2a ) with 1C2 immunoblots (Figure 2b ) suggested that PGE is carried by an acidic protein (isoelectrofocusing point [pI] of 4 approximately). Two-dimensional gel electrophoresis experiments also resulted in a more precise estimation (52-57 kDa) of the relative mass (M r ) of this protein. The PGE signal was not detected in the PGEnegative COS patient 10 (data not shown). The PGE signal was not detected in COS patient 16 either, suggesting that the weak 60-kDa band corresponds to a protein (pI not in the range tested) different from the acidic protein detected in COS patients 14 and 18 (data not shown). This observation was consistent with the observations previously made in NFI using high resolution 1D gel electrophoresis (see paragraph above).
To identify the gene for the polygln expanded in COS patients 14 and 18, we selected 27 proteins carrying 8-34 consecutive Glns by using Genbank scanning, and one acidic protein, DAN26 14 (52.5 kDa, pI 4.8), was retained for PCR screening in COS family NFI (see Methods). Twenty-seven CAG repeats found in cDNAs [15] [16] [17] and CAG/CTG repeats isolated from genomic DNA 18 consisting of more than 10-15 consecutive units were also tested for expansion in NFI (see Methods). All the candidates tested showed unenlarged CAG repeat alleles, and no difference in the size Figure 1 Detection of PGE in COS. Electrophoresis was performed on 50 g (4-20% polyacrylamide gradient gels) or 60 g (long 10% polyacrylamide gels) of protein from LCL extracts (see Table 1 ). (a) A strong 60-kDa PGE signal is detected by mAb1C2 in black American COS patients 14 (nuclear family NFI, top left panel) and 18 (nuclear family NFII, top right panel; the LCL for father of patient 18 is not available, father is deceased). Parents or sibs (no history of psychiatric diseases except for the father of patient 14 affected by AOS) of these two COS patients are negative for the 60-kDa band (NFI, lane 2) or show a weak (NFI, lanes 1 and 4-6; NFII, lane 4) 60-kDa PGE signal. High resolution SDS-PAGE (10%) gel analysis (NFI, bottom panel, enlarged view of the gel) indicated that the mAb1C2-reactive weak 60-kDa band (lanes 1 and 4-6) migrates at a higher position than the strong 60-kDa band (lane 3). Sibs of patient 14 were age 13.9 (lane 4), 23.3 (lane 5), and 23.9 (lane 6) years at blow draw. NFI, SCA2 (lane 7) and SCA3 (lane 8) patients are shown as PGE positive controls. The number of Gln repeats of the TBP alleles in NFI was determined by PCR analysis as previously described 15 and was comprised of 33-37 units. NFII, lanes 1 and 2 show COS patient 14 (for comparison with the strong 60-kDa PGE signal) and her mother (negative for the 60-kDa band), respectively. (b) No 60-kDa PGE signal (patients 10 and 32) or a weak 60-kDa PGE signal (patients 16, 5, 30, 29, and 13) was detected by 1C2 in the other 30 COS patients tested (see Table 1 of the CAG repeat alleles between patient 14 and her parents or sibs could be observed (data not shown).
Therefore, all the candidates tested were excluded. This suggested that the target protein detected in patients 14 and 18 is not represented in Genbank DNA sequences which contain long (Ͼ10-15 units) CAG repeats. The testing of other candidates selected with less stringent criteria and/or the detailed amino-acid analysis of the target protein may allow the cloning of this gene.
The detection of CAG expansion [3] [4] [5] and the identification of susceptibility loci 19 have suggested a genetic basis for schizophrenia. What might be inherited in schizophrenia is a predisposition to develop the disease, 7, 19 and the use of nuclear families comprising a patient affected by early-onset and/or severe form of the disease is considered as an interesting variation of the candidate gene approach to delineate genetic susceptibility. 7 Earlier onset and/or greater severity of the disease may indeed reflect greater heritability, and unaffected members of nuclear families provide wellmatched controls. Using 1D and 2D gel electrophoresis and mAb1C2 immunoblotting experiments, we have detected a strong PGE signal which corresponds to a presumably new, 52-57 kDa acidic protein and was specifically observed in black American COS patients 14 and 18. Because the intensity of the PGE signal in COS patients 14 and 18 is clearly stronger than what is observed for the TBP band and for the weak 60-kDa band, and because of the absence of background signals, the strong PGE signal is unlikely to result from cross-reacting activities of mAb1C2 with polyglutamines containing less than 33-35 Glns. The weak 60-kDa band observed in some unaffected members of the families of patients 14 and 18 and in the other controls tested is likely to correspond to a different protein as indicated by high resolution 1D and 2D gel electrophoresis experiments. Because a strong PGE signal was not detected in age-matched controls with no history of psychiatric disorders (in particular, one of the sisters of patient 14; see Figure 1 , lane 4), it is unlikely that there are age differences in the expression of the 52-57 kDa acidic protein observed with a peak during puberty.
Altogether, our data delineate the 52-57 kDa acidic protein as a potentially interesting candidate for COS and call for three lines of additional investigation in order to determine whether this protein might be involved in schizophrenia. First, the number of LCLs currently available for COS patients is limited, and replication studies in other COS patients are warranted. 8 Second, the notion of clinical continuity from COS to AOS 9,10 calls for the search for PGE in schizophrenia in general. PGE does not appear to occur in schizophrenic patients showing enlarged CAG/CTG repeats with 50 or more units. 20 Recently, the longer (Ͼ19-20 units) CAG repeat (encoding for a polymorphic polyglutamine tract consisting of 12-28 units) alleles in the potassium channel gene hSKCa3 have been reported to be over-represented in schizophrenic patients, 21 suggesting a role for moderately enlarged polyglns. Finally, it is interesting to note that, using mAb1C2, PGE signals in the 50-60 kDa range were observed in two unrelated Caucasian patients affected by schizophrenia (G Rouleau, personal communication), further suggesting that proteins carrying polymorphic polyglns might be candidates for schizophrenia in general.
While the use of the repeat expansion detection (RED) technique 13 has allowed the detection of enlarged CAG/CTG repeats in schizophrenic patients, [3] [4] [5] long and unstable CAG/CTG repeats were also identified in normal individuals, including the intronic repeat CTG18.1 in the SEF2-1 gene and the transcribed repeat ERDA1/Dir 1 (reviewed in Ref. 22 ). Expansions at these two loci appear to account for the majority of CAG expansions detected by RED in COS. 22 In particular, COS patient 14 had a RED score of 90 units and a Dir 1 size of 95 units, and COS patient 18 had a RED score of 60 units and a Dir 1 size of 57, the CTG18.1 repeat being normal (Ͻ37 units) in these two patients (E Sidransky and JL Rapoport, personal communication). The intensity of the strong 60-kDa PGE signal was similar in these two patients, and the other COS patients for which elevated RED scores correlate with Dir 1 sizes did not show a strong 60-kDa PGE signal, suggesting that the polygln tract detected in the candidate acidic protein does not relate to Dir 1 or to other enlarged CAG/CTG repeats detected by RED in COS.
In conclusion, the small number of COS patients found positive for the strong PGE signal in our study might reflect the fact that any one candidate may contribute a small portion of susceptibility to a complex disease such as schizophrenia. In this respect, the aforementioned additional studies in larger and/or more diverse cohorts may be expected to provide a deeper insight into the potential contribution of proteins carrying expanded polyglutamines to schizophrenia.
Methods

Origin and preparation of LCL extracts
We analyzed the following samples: (1) LCLs from 32 unrelated COS patients (recruited all over the United States) for which a detailed clinical description has been previously published; 8, 10, 11 (2) LCLs from 38 unrelated black American controls including 10 healthy individuals (NIMH; age 9-50 years; no history of psychiatric diseases) from the Washington DC area and 28 unaffected individuals (NIGMS Cell Repository, Coriell Institute for Medical Research, NY, USA; age 2-58 years; regional origin in the USA not identified) with disease mutations for diseases other than psychiatric diseases and including ataxia telangiectasia, cystic fibrosis, fragile site mental retardation, cryptophthalmos, hemoglobin loci mutations, and disorders of nucleotide and nucleic acid and carbohydrate metabolism (list available upon request); and (3) LCLs from three healthy, white American families (CEPH Utah pedigrees 1334, 1344, and 1420; 53 individuals in total). Whole cell extracts of LCLs were prepared without detergent from actively growing cells. Cell extracts were obtained as previously described 12 by homogenization in 50 mM Tris-HCl pH 8.0, 10% (v/v) glycerol, 1 mM EDTA, 5 mM KCl, 1 mM PMSF, 2 g ml −1 Leu-peptin, and 4 g ml −1 A-protinin. Protein concentration in LCL extracts was determined using the bicinchoninic acid (BCA) reagent (Pierce, Rockford, IL, USA) as recommended by the manufacturer. Aliquots were stored at −80°C until use.
1D and 2D gel electrophoresis and electroblotting 1D gel electrophoresis was performed as follows: whole cell extracts from LCLs (50 g protein per lane) were analyzed by SDS-PAGE using 4-20% acrylamide/bisacrylamide (39/1) gradient gels (Biorad, Hercules, CA, USA). For high resolution 1D gel electrophoresis, whole cell extracts from LCLs (60 g protein per lane) were analyzed by SDS-PAGE using long 7% or 10% acrylamide/bisacrylamide (39/1) gels (CBS Scientific Co). 2D gel electrophoresis was performed as follows: protein samples from LCLs (500 g) were analyzed by isoelectrofocusing (IEF) SDS-PAGE using 20 × 20 cm, 12% polyacrylamide gels (PharmaciaBiotech, Uppsala, Sweden) as recommended by the manufacturer. Relative mass (M r ) of proteins was established using molecular mass standards supplied by Sigma. SDS-PAGE gels were silver-stained as previously described. 23 Electroblotting of Hybond N + membranes was performed using standard procedures on a Biorad system (1D gel electrophoresis) and on the Pharmacia-Biotech Multiphor II and Nova-blot systems (2D gel electrophoresis) as recommended by the manufacturers.
Immunodetection of PGE Lyophilized mAb1C2 from mouse ascites fluid was resuspended in sterile distilled water, aliquoted, and stored at −20°C until use. Immunoprobing and detection were performed as previously described 12 with minor modifications. Membranes were blocked with 5% non fat dry milk, 0.02% Tween overnight at 4°C, incubated in 0.5% non fat dry milk with mAb1C2 (1:2000) for 2 h at room temperature, and treated with anti-mouse antisera conjugated to horseradish peroxidase (Amersham, Les Ulis, France) at 1:4000 in 0.5% non fat dry milk for 1 h at room temperature. After washing, membranes were processed using the ECL+ TM protein detection and revelation kit (Amersham), as recommended by the manufacturer. Blots were exposed to hyperfilms MP (Amersham) for 30 s-1 h to examine background signals caused by the presence of normal proteins containing polyglutamine stretches. Detection profiles were interpreted by comparative analysis of band intensities for the specifically reactive proteins, the TATA-binding protein (TBP) for which the major allele corresponds to 38 Gln, and the SCA2 (22/43 Gln) and SCA3 (23/72 Gln) proteins from patients heterozygous at these loci. Experiments were repeated at least three times.
Screening of candidate genes for CAG expansion
The Genbank database (release No. 103) was scanned for the presence of full coding sequences known or predicted to code for proteins with polyglns. We used the BLASTP software with a (Gln) 25 query sequence as previously described. 15 We selected all subject sequences to ensure that all polyglns of at least 8-10 consecutive units were retrieved, and we sorted human and unique sequences. This resulted in the selection of 27 candidates carrying 8-28 consecutive Glns (except for TBP which shows 34 consecutive Glns): eight PGE neuro-degenerative disease proteins, 15 normal proteins (which included transcription factors such as AIB1/Rac3, ASH1, ATBF1-A, hSNF2a, N-Oct-3, SATB1, TBP, and the human polyhomeolytic 1 homolog HPH1, the human homeobox protein HLX1, the polymerase gamma polg, and the meningioma protein MN1), and four novel proteins (DAN26, DAN15, AAD10, and AAD14) previously identified by 1C2 immunoscreening of a cDNA library constructed from a SCA7 patient LCL.
14 The theoretical molecular mass and isoelectrofocusing point (pI) were determined for each of the selected proteins using a program available from (URL address) http://www-biol.univ-mrs.fr. One of the proteins, DAN26, showed a theoretical mass in the 50-60 kDa range (52.5 kDa) and theoretical pI in the 4-6 range (pI 4.8), and was retained for PCR screening in COS family NFI. Polymorphic and/or long CAG repeats (n = 20) consisting of more than 10 consecutive units and previously found in human cDNA libraries [15] [16] [17] were also tested including 2.116, 2.119, i.181, i.182, 15 12501r, b01500t, and g02502r, 16 and CTG1a, CTG3a, CTG4a, CTG7a, CTG20a, CAGF9, F28, H1, H16, H26, H32, H38, H39, H44, H45, L69, L85, L114, L234, and L237, some of them predicted to code for a polygln stretch. 17 Finally, seven CAG/CTG repeats (GCT1C9, GCT4B10, GCT5E11, GCT16E06, GCT10D04, GCT10C10, and GCT10H06) isolated from genomic DNA and consisting of more than 15 consecutive units were tested as well. 18 The selection and use of primers suitable for detection of CAG expansion in DNAs from COS family NFI was performed as previously described. 15 
